Two groups of 3 120-160-kg Holstein steers were fed a diet high in carbohydrate and low in long fiber and either with or without added sodium sulfate. Prior to and during the course of feeding the experimental diet, the concentrations of rumen hydrogen sulfide gas and rumen fluid sulfide were determined by a simple sulfide detector tube method and by sulfide-selective electrode, respectively. Other measurements included rumen fluid pH, blood creatine kinase, and blood sulfhemoglobin. Two of the 3 steers fed the high-sulfate diet developed signs and lesions of polioencephalomalacia. Clinical signs included episodic ataxia and blunted or absent menace reaction. Increased ruminal H 2 S gas concentrations occurred in all 3 steers consuming the diet with added sulfate. The onset of clinical signs coincided with the onset of elevated H 2 S concentrations. These increases were 40-60 times the values measured in the steers consuming the diet without added sulfate. In contrast, increases in rumen fluid sulfide concentrations usually rose to 4 times that of control steers. The steers fed an identical diet but without added sulfate exhibited no signs or lesions of polioencephalomalacia and no elevations of sulfide in rumen gas or fluid. All steers had a modest decrease in rumen fluid pH associated with the transition to the concentrate diet. No significant changes were observed in any of the blood measurements of any of the steers. An additional pair of steers was fed the experimental diet with or without added sulfate to compare the ruminal H 2 S gas concentrations estimated by H 2 S detector tubes with those estimated by a different method of analysis utilizing charcoal trapping of H 2 S, conversion to sulfate, and measurement of the sulfate. Both methods yielded comparable estimates of H 2 S concentration. Overall, these data indicate that changes in rumen gas cap H 2 S concentrations are larger than changes in rumen fluid sulfide concentration and that estimation of rumen gas cap H 2 S concentration may be a practical approach to detecting pathologic increases in ruminal H 2 S gas. This simple, rapid, minimally invasive method should be useful for estimating the H 2 S content of ruminal gas under field conditions.
Polioencephalomalacia 15 (PEM) is one of the most the induced PEM, 10 but it was not possible to demcommon neuropathologic alterations of cattle 15, 27 and onstrate alterations in thiamine status in steers conis associated with several types of metabolic or toxic suming the experimental diet. 10,25 PEM was caused by alterations, including thiamine deficiency, 13 acute lead sulfide directly, not by some other product of disturbed poisoning, 4 and sometimes sodium toxicosis/water de-ruminal metabolism, as was demonstrated by the inprivation. 23 Another form of PEM that is being induction of PEM in sheep that received sodium sulfide creasingly recognized is associated with increased con-by gavage. 18 centrations of sulfur in water and/or feed and appears Only a small number of cattle subjected to naturally to result from the ruminal generation of sulfide.
occurring high-sulfate conditions actually develop clin-Hydrogen sulfide (H 2 S) and its various ionic forms ical PEM. 2, 8, 11, 14, 24 Thus, most cattle consuming high are highly toxic forms of sulfur. 1 Sulfide is normally levels of sulfate successfully adapt. Understanding the produced by rumen microbes, and under conditions factors governing successful or unsuccessful adaptation of high dietary sulfate intake, the capacity for microbial is important for understanding the basis of excessive sulfide production increases. 5,6,16,l7 ruminal sulfide production. To begin to study the basis A concentrate diet high in sulfate and readily fer-of excessive ruminal sulfide production, convenient mentable carbohydrate and low in long fiber induces methods to assess ruminal sulfide production or sulfide PEM 10,25 Elevated concentrations of rumen fluid sulfide were associated with the onset and expression of absorption are necessary. We conducted experiments to determine if changes in the concentration of rumen H 2 S gas could be estimated in gas sampled percuta-high-sulfate water.
28 Sulfhemoglobin increases could serve as a dosimeter to evaluate sulfide absorption.
Materials and methods
Eight 120-160-kg Holstein steers were fed a diet high in readily fermentable carbohydrate and low in long fiber, either with (steer nos. [1] [2] [3] [4] or without (steer nos. 5-8) 1.8% Na 2 SO 4 . The composition of the basal diet, the feeding protocol, and the management of the steers have been described elsewhere. 10 All steers were fed grass hay ad libitum for at least 2 wk prior to the transition to the concentrate diet. The diet of the animals was gradually changed by decreasing the hay and increasing the experimental diet until after 1 wk only the experimental diet was available ad libitum. The day the transition to the experimental diet began was designated day 1. Unlimited water from the municipal water supply was available in stock tanks. The steers were observed daily for evidence of neurologic disease indicative of PEM. Assessment of vision was subjective and included response to fingers flicked in front of each eye, head and eye reactions in response to movement of the investigator, and avoidance of stationary objects.
Sulfide concentrations were determined in ruminal fluid samples obtained at 2-3-day intervals before and after the transition to the concentrate diet. Ruminal fluid samples were collected using a stomach tube fitted with a custommade brass weighted filter (5-mm-diameter pores) and a manually operated vacuum pump. a The first 200 ml of ruminal fluid were discarded to avoid contamination with saliva. The sample fluid was passed through 4 layers of gauze, and fluid pH values were measured with a portable pH meter. b Rumen fluid sulfide concentrations were determined within 5 min of collection by a sulfide/silver ion selective electrode. c Concentrations were calculated by determining the slope of a plot of fresh rumen fluid and readings of additions of 0.5 and 5.0 ml of a 2.2 M solution of sodium sulfide.
For sampling rumen gas, the skin of the left paralumbar fossa was clipped, scrubbed, and disinfected with alternating isopropyl alcohol and Betadine scrubs. A sterile 8.9-cm 18gauge cerebrospinal fluid needle with stylette in place was introduced through the skin of the left paralumbar fossa into the rumen gas cap. The stylette was removed, and the needle was connected to a plastic guard chamber with filter that in turn was connected to a calibrated H 2 S detector tube. d The detector tube was attached to a volumetric gas sampling pump. e Connections were made with clear intravenous set tubing. Multiple 50-ml volumes of rumen gas were aspirated with the volumetric gas sampling pump until a reading was evident in the detector tube. Readings were usually obtained after aspiration of 50-300 ml of gas. A second method of H 2 S analysis for comparison to the detector tube method involved passage of the rumen gas through an activated charcoal trap tube. f Measurements were made in duplicate. The front and back portions of charcoal from the tubes were placed in separate 15-ml plastic screw-top centrifuge tubes. Two milliliters of 2M NaOH and 5.0 ml of 30% H 2 O 2 were added to each tube. Tubes were loosely capped and allowed to react for 2 hr. Tubes were vortexed, and 3 ml of water was then added to each tube. Samples from each tube were filtered through 0.45-µm syringe filters for sulfate analysis by high-performance liquid anion chromatography. g The anions were eluted from the column with lithium borate gluconate buffer h at a rate of 2 ml/min and quantitated using a conductivity detector with sodium sulfate standards. Data were analyzed according to NIOSH Method 6013 20 using H 2 S gas standards generated in a gas sampling jar by acidifying 1-, 5-, 10-, 15-, and 20-ml volumes of a 1,000-ppm sulfide solution (0.749 g Na 2 S-9H 2 O/100 ml H 2 0) with an equal volume of concentrated H 3 PO 4 . Standards were measured in duplicate with activated charcoal trap tubes after stirring for 20 min on a magnetic stir plate. Additionally, standards were also measured in duplicate with the H 2 S detection tubes for comparison.
Jugular venous blood was collected in tubes with heparin and without anticoagulant. The heparinized whole blood was analyzed for sulfhemoglobin by a hemoximeter. i Because this value is calculated by difference, an additional aliquot of heparinized whole blood was analyzed for sulfhemoglobin by a direct technique. 3 Serum creatine kinase activity was determined by a standard automated laboratory system. j At the end of the 17-day feeding period, the steers were sedated with xylazine and euthanized by exsanguination under deep sodium pentobarbital anesthesia administered intravenously. Brains were removed, examined with ultraviolet (UV) illumination, k and fixed by immersion in 10% neutral buffered formalin for light microscopy. Sections for light microscopy were made from the brains of all steers.
Because of the small sample size, statistical inferences were limited. Nonparametric procedures were used to evaluate the data. Diet-associated differences in ruminal fluid sulfide and rumen gas H 2 S concentrations, sulfhemoglobin, and serum creatine kinase activity were examined by the Mann-Whitney test for each sampling time point. 26 An adjustment for the overall level of significance was performed by the Bonferroni procedure. The comparability of the 2 methods for estimation of rumen gas H 2 S concentrations were evaluated by the nonparametric Spearman rank correlation as an indicator for quantitative agreement. The level of significance was <0.05.
Results
Clinical signs associated with excess ruminal H 2 S production or PEM did not occur until after day 7 of feeding the experimental diet. At this time, the experimental diet was the only diet available to the steers. Three of the 4 steers fed the concentrate diet with added sulfate (steers 1, 3, 4) had clinical neurologic signs, including impaired vision, manifested primarily as a blunted or absent menace reaction, and incoordination. The time of onset of neurologic signs was day 12 for steer 1, day 11 for steer 3, and day 9 for steer 4. All affected steers could stand and walk. After day 5, it was occasionally possible to detect the eructated odor of H 2 S. Sometimes eructation of H 2 S was associated with transient episodes of increased depth and rate of respiration and uneasiness. Steer 3 exhib- ited an episode of abnormal protrusion and dorsal extension of the tongue on day 8.
At necropsy, steers fed the high-sulfate diet and developing clinical signs (steers 1, 3, 4) had macroscopically detectable cerebrocortical areas of bright tan autofluorescence when viewed with ultraviolet illumination. Deep gray areas were free of fluorescent lesions. Histologically, the fluorescent zones corresponded to areas of neuronal necrosis.
Rumen H 2 S gas and rumen fluid sulfide concentrations for 6 steers at 10 sampling times are shown in Figs. 1 and 2 , respectively. Steers fed the high-sulfate diet (nos. 1, 2, 3) developed large increases in H 2 S concentration during the feeding period. At all but 1 sampling time point after the initiation of the concentrate diet, the group ranges did not overlap and were significantly different by the Mann-Whitney test. However, with the use of the Bonferroni procedure, significance could not be demonstrated given the limited number of steers in the study. Rumen fluid sulfide concentrations (Fig. 2 ) reveal a pattern similar to the pattern of H 2 S concentrations. However, the overall magnitude of increase was less, and fewer sampling times had nonoverlapping ranges. Steers fed the highsulfate diet developed increases in sulfide concentration during the feeding period on days 5-12. The individual patterns of H 2 S and rumen fluid sulfide elevation for steers fed the high-sulfate diet are shown in Figs. 3 and 4 , respectively. For steer 3, peak rumen fluid sulfide concentration occurred on day 10 and peak H 2 S gas concentration occurred on day 8. The peak rumen fluid sulfide concentration for steers 1 and 2 occurred on the same day as the peak H 2 S gas concentration.
H 2 S concentrations determined by 2 different methods are shown (Table 1 ) over 6 sample times involving 2 steers, 1 fed the diet with high-sulfate and 1 fed the diet without added sulfate (steers 4, 8, respectively) . A large increase in H 2 S was observed in steer 4 at day 5. By day 10, H 2 S concentrations dropped to more normal values. The values obtained by the H 2 S detector tube method were close to those obtained with the activated charcoal trapping method (Spearman rank correlation, = 0.904; P < 0.05). Analysis of H 2 S standards with the detector tubes revealed measured Rumen fluid pH decreased from a mean of 7.0 to about 6.0 during the feeding period in both dietary Activated charcoal Day no.
Detector tube capture groups independent of sulfate content. There were no differences in blood sulfhemoglobin or creatine kinase activity over the experimental period in either group.
Discussion
The demonstration of marked elevations of rumen gas H2S concentration, as determined in vivo by the percutaneous aspiration/detector tube method described here, indicates that it is possible to detect cattle with pathologic increases in rumen gas H 2 S. After the initiation of the experimental diets, steers fed the highsulfate diet had concentrations of ruminal H2S in excess of that of the control steers fed the identical diet but without added sulfate. The increased ruminal H 2 S concentrations occurred at all except 1 time point. These increases were up to 100 times control values, consistently lacked overlap with the ranges of H 2 S concentrations of the control steers, and were significantly different by the Mann-Whitney test; however, with the limited number of test steers a P value of < 0.0005 required by the Bonferroni adjustment could not be achieved. Because 2 of the 3 steers fed the high-sulfate diet developed signs of PEM within a few days of the peak concentrations of H 2 S, many of the values measured may have represented pathologic H2S ruminal concentrations.
Comparison of the values obtained by the H 2 S detector tube method for estimating the concentration of rumen gas H2S and the values obtained with the activated charcoal trapping and ion exchange chromatographic method indicates that both methods demonstrate a similar pattern of ruminal H 2 S production (Table 1). Thus, the H 2 S detector tube method provides a reasonable estimation of ruminal H 2 S concentrations. The detector tube method is simple and would be applicable to field studies of ruminal H 2 S generation in ruminants.
In previous studies, investigations of the association between PEM and ruminal sulfur metabolism have been limited to measuring the concentration of sulfide anion in the rumen fluid. 10 In this study, comparison of rumen fluid sulfide concentration with H 2 S gas concentration indicates that the H 2 S in the gas compartment seems to undergo a much more dramatic change than the sulfide in the rumen fluid compartment. The reason for this difference is not clear, but 1 explanation could be that H 2 S in the gas cap tends to be sequestered in a less dynamic metabolic compartment than are the metabolites in the fluid. Sulfide concentrations in the rumen fluid are probably a reflection of all anabolic and catabolic sulfur cycle processes occurring in the fluid phase. Thus, the total sulfur in the pool can be very large and increasing, yet the concentration of sulfide anion at any point in time may not be changed to as large a degree. Conversely, the accumulation of H 2 S in rumen gas is determined partly by pH-governed ion partitioning. Once in the gas phase, the H 2 S would be separated from sulfur cycle processes and would be more likely to remain in a stable state. The difference in the volume of the fluid compartment and the gas compartment could also play a role in accentuating H 2 S gas accumulation. Overall, the processes likely to be important in determining rumen gas cap H 2 S concentrations include sulfide generation in the rumen fluid, rumen fluid pH, eructation frequency, and ruminal mucosal absorption.
From a pathophysiologic perspective, the accumulation of H 2 S in the rumen gas could be of crucial significance. Ruminants inhale a significant fraction of eructated gases, 9 and the concentration of H 2 S in the eructated rumen gas would determine the potential amount of H 2 S for inhalation and pulmonary absorption. This route of entry would by-pass potential hepatic detoxication mechanisms and facilitate the adverse effects of the toxicant. The importance of H 2 S inhalation in pathogenesis is unclear. However, reports of cerebrocortical necrosis associated with exposure to toxic concentrations of manure gas (presumably H 2 S) in the environment indicates that the inhalation route could provide sufficient absorption and distribution for neurotoxicity. 7 We did not find an increase in sulfhemoglobin in the steers fed the high-sulfate diet. Such a change has been demonstrated, but only after 30 days of consumption of sulfate-containing water. 28 The cattle in the present study consumed high-sulfate feed for only 17 days; thus there may have been insufficient exposure time for sulfhemoglobin levels to increase. It is premature to rule out the use of sulfhemoglobin as an indicator of excessive sulfide absorption in cattle.
The pilot study reported here utilized a small number of steers. Thus, inferences to the general population are limited. However, the study indicated that it is possible to demonstrate changes in ruminal H 2 S with a simple detector tube method, a finding that supports our hypothesis. Further investigation on this problem is needed to find support for the current findings.
It is important to begin defining the range of ruminal concentrations of H 2 S that should be considered pathologic and the various combinations of dietary ingredients that can produce such pathologic conditions in the rumen. Overall, many sulfur sources may, at 1 time or another, be important for pathologic ruminal sulfide production and PEM. High-sulfate water is a common, natural environmental condition. 21 PEM has been associated with high-sulfate water, 2,8,11,12 molasses 19 , gypsum, 24 and ammonium sulfate 14 added to concentrate diets. Cruciferous forages and certain corn processing by-products can also be high in sulfur. 22 The precise microbial, animal physiologic, and dietary factors that actually come together to produce illness remain to be delineated.
